angiotensin II; hypertension; paraventricular nucleus; sympathetic nerve activity; small-conductance Ca 2ϩ -activated K ϩ channels STUDIES HAVE SUGGESTED that the central nervous system substantially contributes to ANG II-salt hypertension (HTN) through elevations in sympathetic nervous system (SNS) activity (6, 26, 27, 56) . Prominent forebrain circumventricular organs, including the organum vasculosum lamina terminalis and subfornical organ, lack a complete blood-brain barrier and therefore have the ability to detect alterations in plasma osmolality and ANG II levels (13, 18, 21, 48, 50) and transmit efferent activity to the hypothalamic paraventricular nucleus (PVN) (36, 47). PVN neurons, in turn, have axon projections to the spinal intermediolateral (IML) cell column and rostral ventrolateral medulla (RVLM) (10, 44), the main excitatory centers that play an important role in regulating sympathetic nerve activity (SNA) (46). The PVN is a key regulator of SNA given its prominent position between the sensory and effector components of the SNS, and enhanced PVN activity has been demonstrated in a variety of cardiovascular diseases (4, 37, 41). Evidence demonstrates that enhanced neuronal activity within the PVN is required for the maintenance of several models of neurogenic HTN, including ANG II-salt (4, 6, 20, 55) . A number of studies have demonstrated an upregulation of excitatory glutamatergic and angiotensinergic signaling within the PVN in hypertensive rats (15, 16, 30, 32) . Furthermore, evidence demonstrates the role of GABA inhibition on PVN neurons (11, 40) and that GABA disinhibition contributes to the augmented SNA in HTN (31, 34). To date, little information is available regarding alterations of intrinsic membrane properties of PVN neurons in HTN. One previous study by Sonner et al. (51) demonstrated a reduction in K ϩ A-current in PVN-RVLM neurons in renalvascular HTN that contributed to augmented in vitro spontaneous neuronal discharge.
Here, we hypothesized that ANG II-salt HTN would be accompanied by altered PVN SK channel activity, which may contribute to sympathoexcitation in vivo. In anesthetized rats with normal salt (NS) intake, bilateral PVN microinjection of apamin (12.5 pmol/50 nl each), the SK channel blocker, remarkably elevated splanchnic sympathetic nerve activity (SSNA), renal sympathetic nerve activity (RSNA), and mean arterial pressure (MAP). In contrast, rats with ANG II-salt HTN demonstrated significantly attenuated SSNA, RSNA, and MAP (P Ͻ 0.05) responses to PVN-injected apamin compared with NS control rats. Next, we sought to examine the individual contributions of HS and subcutaneous infusion of ANG II on PVN SK channel function. SSNA, RSNA, and MAP responses to PVN-injected apamin in rats with HS alone were significantly attenuated compared with NS-fed rats. In contrast, sympathetic nerve activity responses to PVN-injected apamin in ANG II-treated rats were slightly attenuated with SSNA, demonstrating no statistical difference compared with NS-fed rats, whereas MAP responses to PVN-injected apamin were similar to NS-fed rats. Finally, Western blot analysis showed no statistical difference in SK1-SK3 expression in the PVN between NS and ANG II-salt HTN. We conclude that reduced SK channel function in the PVN is involved in the sympathoexcitation associated with ANG II-salt HTN. Dietary HS may play a dominant role in reducing SK channel function, thus contributing to sympathoexcitation in ANG II-salt HTN.
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Small-conductance Ca 2ϩ -activated K ϩ (SK) channels act as negative feedback regulators of neuronal excitability through their influence on the medium afterhyperpolarization potential (mAHP) (3, 12, 28, 43, 52, 53) . Previous studies have demonstrated that SK channels greatly influence excitability in PVN neurons with axon projections to the RVLM (PVN-RVLM) (9) and that reduced SK channel current significantly enhanced the excitability of PVN-RVLM neurons in rats with ANG II-salt HTN (8) . Very recently, Pachuau et al. (39) reported that diminished SK current contributed to the increased excitability of spinal IML-projecting PVN (PVN-IML) neurons in spontaneous hypertensive rats. Furthermore, our laboratory (17) has recently reported that blockade of SK channels in the PVN in normotensive rats substantially augments SNA and arterial blood pressure (ABP) in vivo. The present study was performed to determine if SK channel dysfunction is present in the PVN of anesthetized rats with ANG II-salt HTN. In addition, recent evidence suggests that the neurogenic phase of ANG II-salt HTN is more dependent on the level of dietary salt (38) . Therefore, we examined the individual contributions of high salt (HS) diet and ANG II alone to PVN SK channel dysfunction.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats (n ϭ 48, 200 -300 g) purchased from Charles River Labs (Wilmington, MA) were housed in a temperature-controlled room (22-23°C) with a 12:12-h light-dark cycle. Chow and tap water were available ad libitum unless otherwise noted. All experimental and surgical procedures were carried out under guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals with the approval of the Institutional Animal Care and Use Committee of Michigan Technological University.
Protocols of the animal experimental model. Rats in the control group consumed a normal salt (NS; 0.4% NaCl) diet, whereas rats in the HS group were placed on a HS (2% NaCl) diet for 4 wk. The ANG II-salt HTN group was fed a HS diet for 4 wk and received a systemic infusion of ANG II (150 ng·kg Ϫ1 ·min Ϫ1 ) subcutaneously during the last 2 wk on the HS diet. The ANG II-only group was fed a NS diet for 4 wk and ANG II was infused subcutaneously for the last 2 wk. For the ANG II-salt HTN and ANG II groups, animals were anesthetized with isoflurane (3% in O2) and an osmotic minipump (2ML2, Alzet) was implanted subcutaneously to deliver ANG II (150 ng·kg Ϫ1 ·min Ϫ1 ) for 2 wk before experimentation. Experimental preparation. Rats were anesthetized with an intraperitoneal injection of a mixture containing ␣-chloralose (80 mg/kg) and urethane (800 mg/kg). An adequate depth of anesthesia was determined by the absence of corneal or pedal reflexes. A watercirculating pad maintained body temperature. A left femoral artery was catheterized for the measurement of ABP, and a left femoral vein was catheterized for the administration of drugs. Heart rate (HR) was obtained from the R-wave of the electrocardiogram (lead I). After tracheal cannulation, rats were ventilated with O 2 -rich room air. End-tidal PCO 2 (Capstar-100, Cwe) was continuously monitored to ensure it was within normal limits (35) (36) (37) (38) (39) (40) . Rats were paralyzed with a continuous infusion of gallamine trethiodide. An adequate depth of anesthesia after paralysis was determined by the lack of pressor responses to a noxious foot pinch. Supplemental doses of anesthesia equal to 10% of the initial dose were given as needed. All animals were allowed to stabilize for at least 2 h after surgery to ensure the stability of recorded variables.
Recording of SNA. A left flank incision was used to view and isolate a left renal nerve and a postganglionic splanchnic sympathetic nerve from the surrounding tissue (54) . Nerve bundles were mounted on separate stainless steel wire electrodes (0.127-mm outer diameter, A-M Systems) and covered with silicon-based impression material (Coltene, Light Body). The signal was directed to an alternating current amplifier (P511, Grass Technologies) equipped with halfamplitude filters (band pass, 100-1,000 Hz) and a 60-Hz notch filter. The processed signal was rectified, integrated (10-ms time constant), and digitized at a frequency of 5,000 Hz using a 1401 Micro3 analog-to-digital converter and Spike 2 software (version 7.04, Cambridge Electronic Design, Cambridge, UK).
PVN microinjection. Animals were placed in a stereotaxic head frame with the skull level between the bregma and lambda. The dura was exposed by removing a small piece of the skull, and a singlebarreled glass microinjector pipette was lowered vertically into the PVN. The stereotaxic coordinates used were as follows: 1.2 to 1.6 mm caudal to the bregma, 0.5 mm lateral to the midline, and 7.0 to 7.2 mm ventral to the dura. The SK channel blocker apamin (Sigma) was dissolved in saline, and pH was adjusted to 7.2. The SK channel activator CyPPA (Tocris) was dissolved in DMSO. Apamin (12.5 pmol) or CyPPA (5 nmol) were administered via bilateral PVN microinjection in a volume of 50 nl per side with a pneumatic pump (WPI). The micropipette was withdrawn between bilateral microinjections, and the approximate interval between bilateral injections was ϳ2 min. After each experiment, Chicago blue dye (2% in saline, 50 nl) was injected into the PVN to mark the injection sites and provide an estimate of drug diffusion area. Brains were removed, postfixed in 4% paraformaldehyde, and then transferred to 30% sucrose-PBS. The hypothalamus, including the PVN area, was sliced in coronal sections, and microinjection sites were visualized under bright-field microscopy.
Punched brain tissues from rats. Separate groups of NS control and ANG II-salt HTN rats were deeply anesthetized with 5% isoflurane and then decapitated. Brains were quickly removed and put in the rat brain matrix prefrozen with dry ice. Hypothalamic PVNs were punched out with a 12-gauge needle (1.5-mm inner diameter). To identify hypothalamic PVN tissue, the optic tract was identified, and a 1-mm-thick brain section was taken from the rostral end point of the optic tract. Samples were frozen in liquid nitrogen and stored at Ϫ80°C for Western blot analysis of SK channel protein.
Western blot analysis of SK channel protein. Frozen brain tissues were homogenized in buffer (50 mM Tris base, 1.0 mM EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, and 1 mM PMSF, pH 7.4, Sigma) complete with protease inhibitors (0.1 mM leupeptin and 0.3 mM PMSF, Sigma) and stirred for 30 min at 4°C. Centrifugation at 12,000 rpm at 4°C was performed for 5 min. The supernatant was collected, and protein concentration was determined in triplicate by a Bio-Rad DC protein assay kit at an absorbance of 750 nm using BSA as a standard. Aliquots were stored at Ϫ80°C until analyzed, at which time 75 g protein of each sample was separated using SDS-PAGE (10%) followed by the electrophoretic transfer of proteins from the gel to a nitrocellulose membrane (BioRad). Membranes were blocked with 5% nonfat milk for 1 h at room temperature, washed three times, and probed with primary rabbit KCa2.1, KCa2.2, and KCa2.3 antibodies (Alomone, 1:500) or mouse anti-␤-actin (Santa Cruz Biotechnology) overnight at 4°C. Membranes were incubated with goat anti-rabbit IgG-horseradish peroxidase secondary antibodies or goat anti-mouse IgG-horseradish peroxidase secondary antibodies (Santa Cruz Biotechnology) for 1 h at room temperature and then detected with enhanced chemiluminescence.
Data analysis. Summary data are expressed as means Ϯ SE. Splanchnic SNA (SSNA) and renal SNA (RSNA) were determined as an average of the rectified, integrated signal. Baseline values of all variables were obtained by averaging a 10-min segment of data immediately preceding PVN microinjection in anesthetized rats. SSNA, RSNA, mean arterial pressure (MAP), and HR responses to apamin or CyPPA were obtained by averaging a 2-min period centered on the maximal response. Data are presented as percent changes from baseline after subtraction of background noise determined with bolus injection of the ganglionic blocker hexamethonium (30 mg/kg). Data were analyzed by one-way ANOVA. Post hoc analysis was performed with Newman-Keuls multiple-comparison test. Differences were considered statistically significant at a critical value of P Ͻ 0.05.
RESULTS

ANG II-salt HTN.
Baseline hemodynamic variables from anesthetized animals (n ϭ 34) are shown in Table 1 . ABP was significantly elevated in the ANG II-salt HTN group compared Values are means Ϯ SE; n, number of rats. MAP, mean arterial pressure; HR, heart rate; NS, normal salt (0.4% NaCl) diet; ANG II-salt hypertension, subcutaneous ANG II infusion and high-salt (HS; 2% NaCl) diet; HS, HS (2% NaCl) diet alone; ANG II, subcutaneous infusion of ANG II alone. *P Ͻ 0.05 vs. the NS control group.
with the normotensive control group of rats on a NS diet. Subcutaneous infusion of ANG II alone elevated ABP, but the increase did not reach statistical significance, whereas HS alone had no effect on ABP. HR was not significantly different among any of the groups.
Effects of PVN-injected SK channel blocker on SSNA, RSNA, MAP, and HR. Consistent with our previously published data (17) , bilateral microinjection of the SK channel blocker apamin into the PVN markedly increased SSNA, RSNA, MAP, and HR in control rats fed a NS diet. Figure 1 shows representative raw tracings from a rat on a NS diet (left) before and after bilateral microinjection of apamin (12.5 pmol, 50 nl) into the PVN. This dose of apamin has previously been shown to be the minimum dose to elicit a maximum ABP and SNA response in the PVN (17) . Collectively (n ϭ 8), PVN-injected apamin increased SSNA (ϩ263.5 Ϯ 39.7%), RSNA (ϩ179.8 Ϯ 19.3%), MAP (ϩ36.7 Ϯ 4.4 mmHg), and HR (ϩ37.7 Ϯ 12.3 beats/min), as shown in the summary data in Fig. 2 .
The main goal of the present study was to determine in vivo whether SK channel function is altered in the PVN in rats with ANG II-salt HTN. Figure 1 , right, shows a representative response to bilateral PVN microinjection of apamin (12.5 pmol, 50 nl) in a rat with ANG II-salt HTN. In contrast to normotensive control rats on a NS diet, the summary data (n ϭ 7) shown in Fig. 2 demonstrate that maximum increases in SSNA, RSNA, and MAP elicited by PVN-injected apamin were significantly attenuated in ANG II-salt HTN rats (ϩ36.4 Ϯ 15.7%, P Ͻ 0.05 vs. NS-fed rats for SSNA; ϩ25.3 Ϯ 16.2%, P Ͻ 0.05 vs. NS-fed rats for RSNA; ϩ11.3 Ϯ 6.2 mmHg, P Ͻ 0.05 vs. NS-fed rats for MAP). Whereas the increase in HR evoked by PVN-injected apamin was blunted in rats with ANG II-salt HTN compared with NS-fed control rats, it did not reach statistical significance (ϩ4.8 Ϯ 8.1 beats/min, P Ͼ 0.05 vs. NS-fed rats).
A secondary goal of the present study was to examine the relative contributions of a HS diet only or subcutaneous infusion of ANG II (150 ng·kg Ϫ1 ·min Ϫ1 ) alone to PVN SK channel dysfunction. Figure 3 , left, shows a representative response to bilateral PVN microinjection of apamin (12.5 pmol, 50 nl) in a rat on a HS diet. The summary data (n ϭ 7) shown in Fig. 2 demonstrate that maximum increases in SSNA, RSNA, and MAP elicited by PVN-injected apamin were significantly attenuated in rats on a HS diet (ϩ125.5 Ϯ 21.5%, P Ͻ 0.05 vs. NS-fed rats for SSNA; ϩ62.9 Ϯ 17.3%, P Ͻ 0.05 vs. NS-fed rats for RSNA; and ϩ19.9 Ϯ 5.3 mmHg, P Ͻ 0.05 vs. NS-fed rats for MAP). Similarly, the increase in HR evoked by PVN-injected apamin was blunted in rats on a HS diet but did not reach statistical significance (ϩ15.1 Ϯ 10.9 beats/min, P Ͼ 0.05 vs. NS-fed rats). While there was no statistically significant difference, sympathoexcitatory and pressor responses elicited by PVN-injected apamin in the HS group were less blunted compared with those in the ANG II-salt HTN group. A: bilateral PVN injection (50 nl each) of apamin (arrowheads) in a rat with HS intake increased SSNA, RSNA, and ABP in a similar manner to a rat with ANG II-salt HTN (Fig. 1,  right) . Bilateral injection (50 nl each) of apamin (arrowheads) in a rat with systemic ANG II infusion increased ABP in a similar manner to a rat on NS control diet, whereas SSNA and RSNA responses were obviously attenuated compared with the NS-fed control rat (Fig. 1, left) . B, left: 5-s trace of SSNA (top) and RSNA (bottom) before injection of apamin into the PVN. Right, 5-s trace of SSNA (top) and RSNA (bottom) after injection of apamin into the PVN.
to further determine the role of SK channels in regulating sympathetic outflow in this disease model, we performed bilateral microinjections of the SK channel activator CyPPA (5.0 nmol, 50 nl/each) into the PVN. This dose of CyPPA has been reported to effectively activate SK channels in vivo (17) . CyPPA microinjection (n ϭ 5) into the PVN did not significantly alter SSNA (ϩ14.2 Ϯ 4%), RSNA (ϩ7.0 Ϯ 8%), MAP (Ϫ5.2 Ϯ 3.1 mmHg), and HR (0.2 Ϯ 7.0 beats/min) compared with baseline (P Ͼ 0.05 vs. baseline).
Histological analysis. Histological examinations of coronal brain slices from similar rostral-caudal positions were performed to estimate drug diffusion area within the hypothalamus. Figure 4A shows the composite dye diffusion area made by overlying slices from several different brains to show the outermost distribution of dye. Figure 4B shows a representative of a single injection tracing within the PVN. Dye distribution was largely contained within the area encompassing the PVN. Note that the composite dye diffusion area shown in Fig. 4A was larger than any single tracing from an individual brain but represents the widest possible distribution of injected dye for the entire group.
Comparison of SK channel protein expression. We compared the protein expression (Western blot analysis) of SK1-SK3 channels in the hypothalamic PVN between normotensive control rats on a NS diet (n ϭ 7) and ANG II-salt HTN rats (n ϭ 7). No statistically significant difference in PVN SK1-SK3 expression was detected between NS control and ANG II-salt HTN animals (Fig. 5, A and B) .
DISCUSSION
The PVN is a key site for the integration of SNA, and increased PVN neuronal activity is essential to maintain the elevated levels of ABP in ANG II-salt HTN (6) . Here, we demonstrate a downregulation of SK channel function in the PVN, which may underlie the central neuronal mechanisms of increased sympathetic outflow in rats with ANG II-salt HTN. We report three novel findings. First, SSNA, RSNA, and MAP responses to SK channel blockade in the PVN were attenuated in ANG II-salt HTN compared with normotensive rats on a NS diet, indicating a loss of PVN SK channel function in animals with treatment of systemic infusion of ANG II in combination with a HS (2% NaCl) diet. Second, SSNA, RSNA, and MAP responses to PVN SK channel blockade in rats on a HS diet alone were attenuated compared with control rats with NS intake in a similar manner to ANG II-salt HTN rats, indicating that perhaps HS intake is a larger contributor to SK channel dysfunction in the PVN in animals with ANG II-salt HTN. Finally, whereas SNA responses to PVN-injected apamin trended toward an attenuated response, with only RSNA demonstrating a significant difference in rats with systemic ANG II infusion only, MAP responses were similar to rats on a NS diet. This evidence indicates that HS intake, rather than the systemic infusion of ANG II, may play an important role in downregulating SK channel function in the PVN contributing to the elevated sympathetic outflow in ANG II-salt HTN.
Previous studies have demonstrated that chronic ANG II-salt treatment induces neurogenic HTN (6, 26, 29) ; however, little is known about the cellular mechanisms that contribute to the elevated sympathetic outflow in this hypertensive model. The present study is the first to demonstrate impairment in SK channel function in the PVN of rats with ANG II-salt HTN in vivo. In line with our previous work (17) , SK channel blockade in the PVN in normal rats elicited a significant augmentation in SSNA and RSNA, displaying the contribution of SK channel inhibition to PVN neuronal excitability and its influence on sympathoexcitation. In the present study, SSNA, RSNA, and ABP responses to SK channel blockade in the PVN were substantially attenuated in rats with ANG II-salt HTN compared with control rats with NS intake, indicating a large degree of SK channel dysfunction. SK channel function in ANG II-salt HTN rats has previously been studied using an in vitro whole cell patch-clamp design under brain slice preparation to examine presympathetic PVN neurons (8) . Similar to the present study, it was demonstrated that blockade of SK channels of presympathetic PVN neurons significantly increased neuronal discharge in control rats with NS intake but had less effect in ANG II-salt HTN rats, indicating reduced SK channel activity. Loss of SK channel function diminishes the mAHP and can lead to the loss of spike frequency adaptation in presympathetic PVN neurons that help govern SNA. PVN-RVLM neurons from the ANG II-salt group had a greater subthreshold depolarizing input resistance in response to ramp current injection and demonstrated an afterdepolarizing potential as opposed to the mAHP noted in control neurons. Both the increased depolarizing input resistance and revealed afterdepolarizing potential can potentially lead to increased excitability of PVN-RVLM neurons (8) . The mechanism(s) whereby PVN SK channel dysfunction translates into elevated SNA remain to be fully determined. PVN neurons have axon projections to several autonomic control centers including the RVLM, the nucleus tractus solitarii in the dorsal brain stem, and the spinal IML (9, 10, 35 ). Augmented excitability of the above presympathetic PVN neurons has the potential to increase SNA through multiple pathways within the SNS.
The present study sought to determine the contribution of SK channels among PVN neurons to the sympathetic outflow in rats with ANG II-salt HTN. The ANG II-salt HTN model depends on the interaction of circulating ANG II and dietary salt (37) . Studies examining depressor responses to ganglionic blockade and whole body norepinephrine spillover have demonstrated that the neurogenic component of ANG II-salt HTN depends on the level of dietary salt (26, 27, 29) . A novel aspect of this study was our examination of the separate components of the ANG II-salt model on PVN SK channel function. Our data demonstrate that SSNA, RSNA, and ABP responses to PVN-injected apamin were not significantly different between rats with ANG II-salt HTN and rats on a HS diet only, although HS intake alone failed to increase ABP (Table 1 ). These data suggest that perhaps dietary HS intake is a larger contributor to loss of SK channel function than circulating ANG II. The attenuated SNA and MAP responses to PVN SK channel blockade in rats that consumed only a HS diet indicate that SK channel dysfunction may be a primary contributor to the elevated sympathetic outflow in rats with ANG II-salt HTN since we demonstrated that SK channel dysfunction in the PVN is independent of the systemic infusion of ANG II.
Despite a large body of epidemiological studies indicating that excess dietary salt is a primary contributor to essential HTN (7, 33, 45) , the effects of a HS diet alone on neuronal excitability in the PVN remains largely undetermined. HS intake alone is generally not sufficient to produce HTN in rats; however, it has been demonstrated that excess dietary salt has the ability to sensitize neural circuitry (pathways) within the SNS (1, 2, 23, 42) . Microinjection of apamin into the PVN of rats fed a HS diet elicited attenuated ABP and SNA responses compared with control rats fed a NS diet (Fig. 3) . This loss of SK channel function in the PVN of HS-fed rats potentially primes the SNS through loss of spike frequency adaptation within presympathetic PVN neurons. Our data are of considerable interest when taken into account with previous studies demonstrating augmentations in excitability of the SNS after HS treatment, including one very recent study (49) indicating that a HS diet alone contributes to exaggerated SNA and ABP responses to various excitatory stimuli. Similar to evidence that HS intake can augment the excitability of brain stem SNS circuitry, the present study shows that a HS diet alone has the ability sensitize the neural circuitry in the PVN. The loss of SK channel function in animals with HS intake provides a possible mechanism whereby a HS diet potentially alters membrane properties to influence the excitability of presympathetic PVN neurons. The sensitization of the PVN in the present study, and the RVLM in previous studies, occurs in the absence of HTN and provides a potential mechanism that can cause exaggerated SNS responses that contribute to neurogenic HTN. The effects of a HS diet on neuronal membrane properties and excitability in cardiovascular control areas of the brain are of great interest and will require considerable attention in future studies.
To determine the role ANG II may have in altering PVN SK channel function, we examined responses to PVN-injected apamin in subcutaneous ANG II-infused rats on a NS diet. Both SSNA and RSNA responses to PVN SK channel blockade were attenuated compared with control rats on a NS diet, although SSNA did not demonstrate statistical significance compared with NS-fed control rats. In contrast, MAP responses to apamin were similar between the NS and ANG II groups (Fig. 2) . ANG II alone appears to have less of a role in SK channel dysfunction than dietary HS intake, and PVN-injected apamin elicited a differential response between SSNA and RSNA. This is of particular interest considering evidence indicating that a HS diet plays a larger role in the neurogenic component of ANG II-salt HTN (25, 38) . Loss of SK channel function due to a HS diet likely plays a dominant role in the development of the neurogenic phase of ANG II-salt HTN. The mechanisms responsible for the different effect of PVN-injected apamin on SSNA and RSNA in ANG II-infused rats are not clear. The augmented sensory outflow from the circumventricular organs to the PVN due to systemic ANG II infusion may potentially target specific subpopulations of neurons leading to a differential SNA response to PVN SK channel blockade. Future studies are needed to investigate the mechanism for the differential between SNA and MAP responses to PVN-injected apamin in rats with systemic administration of ANG II.
We have demonstrated a loss of SK channel function in the PVN in ANG II-salt HTN using both in vivo (Fig. 2) and in vitro (8) approaches; however, our data also indicate that SK1-SK3 channel protein is not different between NS control and ANG II-salt HTN groups (Fig. 5) . This potentially suggests that downregulation of SK channels in ANG II-salt HTN are due to loss of function as opposed to a difference in the number of channels expressed within presympathetic PVN neurons. We are cautious in this interpretation because punched PVN tissue contains both parvocellular and magnocellular neurons with a variety of functions and projections to noncardiovascular control regions of the brain. In addition, studies that examined other regions of the central nervous system have demonstrated SK channel expression in astrocytes (5) and microglia (19, 24) , and punched PVN tissue would not differentiate between cell types. One recent study (39) has also demonstrated no difference in SK channel expression level between Wistar-Kyoto and spontaneously hypertensive rats, supporting the notion that protein expression of SK channels is not altered in hypertensive rats. This study (39) also showed that PVN SK channel dysfunction in spontaneously hypertensive rats involves altered casein kinase II activity that disrupts the Ca 2ϩ -calmodulin complex, thereby reducing SK channel activity. Interestingly, the present study demonstrates that PVN microinjection of the SK channel activator CyPPA had no influence on SNA and ABP in ANG II-salt HTN. CyPPA is known to significantly increase the Ca 2ϩ sensitivity of SK channels (22) , and our data indicate that disruption of intracellular Ca 2ϩ dynamics less likely contribute to the downregulation of SK channel activity in the PVN in this chronic disease model of ANG II-salt HTN. The mechanism(s) responsible for the reduced activity of SK channels in the PVN in rats with ANG II-salt HTN requires further attention in future studies. This is the first study to demonstrate PVN SK channel dysfunction in rats with ANG II-salt HTN using an in vivo whole animal design. While in vivo experimental designs preserve the substantial number of synaptic and reflex systems, potentially lost using in vitro preparations, there still remain limitations that must be recognized. The present study required the use of anesthesia, which has the ability to influence cardiovascular responses (14) . The effects of anesthesia on hemodynamic balance may potentially be reflected by the lack of HR differences in responses to PVN-injected apamin among our treatment groups. Furthermore, there is a possibility that microinjected drugs spread outside the area of the PVN. To exclude this possibility, we examined the diffusion of Chicago blue dye microinjected at the end of the experiment and presented a composite demonstrating the largest diffusion area. Our present data and a previously published report from our group (17) indicate that the estimated diffusion area is confined close to the PVN.
In summary, the present study suggests that reduced SK channel activity in the PVN contributes to ANG II-salt HTN. Interestingly, reduced function of SK channels was present in the HS-fed group in the absence of HTN. This indicates that SK channel dysfunction is more than likely not secondary to the development of HTN. Finally, in examining the individual contributions of systemic ANG II treatment and dietary HS intake to reduce PVN SK channel activity, we demonstrated that dietary HS intake plays a larger role in PVN SK channel dysfunction compared with circulating ANG II. These data support available evidence suggesting that the neurogenic component of ANG II-salt HTN is primarily dependent on the level of dietary salt.
Perspectives
HTN is one of the main risk factors for the development of cardiovascular disease. As such, determination of the mechanisms responsible for the development and maintenance of HTN is of great importance in identifying targets for possible interventions in disease progression. SK channels are unique, in that blockade within the PVN elicits robust increases in SNA (approximately ϩ250 -300%) and ABP (approximately ϩ30 mmHg), demonstrating their significant involvement in inhibiting the presympathetic PVN neuronal excitability/activity (17) . The present study supports the notion that intrinsic cellular mechanisms may play a significant role in ANG II-salt HTN. Restoration of SK channel function potentially provides a significant target for attenuating the activation of the SNS in neurogenic HTN.
